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same period (IPCC 2014) . The reason for this remarkable increase in consumptionbased CO 2 emissions in OECD member nations has been the growing dependence on Asia for imports, which implies that the increase in CO 2 emissions was attributable to international trade (Hertwich and Peters 2009; Davis et al. 2011; Peters et al. 2011) .
Compared to territorial CO 2 emissions, however, the accounting method for consumption-based CO 2 emissions poses additional challenges, including the requirement for a deeper understanding of the global supply chain complexity associated with the final demand of nations. Conversely, accounting for the CO 2 emissions directly generated to produce products (i.e., production-based CO 2 emissions) is relatively straightforward. Therefore, it would be useful to be able to estimate the production-based CO 2 emissions responsible for exports when evaluating how importing countries contribute directly to CO 2 emissions induced by the domestic production activities of exporting countries. It is crucial to monitor the driving forces of the changes in not only production-based emissions but export-based emissions in making a climate change policy with a focus of territorial emissions.
In this study, we focus on recent changes in domestic economic structure in the world. The World Input-Output Database (WIOD) covering 40 developed and developing countries shows that from 1995 to 2009, the ratio of domestic output in the tertiary sectors of the 40 countries to the total output of those countries grew by 1.1 %, whereas that of domestic production in the primary and secondary sectors of those countries declined by 4.4 % (Dietzenbacher et al. 2013 ). In addition, the dependence of the 40 countries on imports of primary and secondary products during the same period grew at rates of 2.1 %. In other words, domestic industrialization has rapidly weakened from 1995 to 2009 and this structural change has affected the environment.
A wide variety of indexes and structural decomposition techniques have been developed to analyze the effects of structural changes on energy consumption and the environment (Leontief and Ford 1972; Proops 1984; Rose and Chen 1991; Park 1992; Lin and Polenske 1995; Rose and Casler 1996; Casler and Rose 1998; Sun 1998; Wier 1998; Kagawa and Inamura 2001; Ang et al. 2003; Ang 2004; Levinson 2009; Wood and Lenzen 2009; Kagawa et al. 2012; Oshita 2012; Okamoto 2013) . For example, methodological and empirical comparisons of index decomposition analyses (IDA) and structural decomposition analyses (SDA) were presented in Hoekstra and van den Bergh (2003) . In a recent important IDA study, Voigt et al. (2013) used the WIOD to examine energy intensity trends and drivers in 40 major economies and estimated the effects of changes in the sectoral composition of the global economy as well as regional structural changes in energy intensities. However, they did not argue that domestic structural changes are strongly related to import structural changes. For climate change policy, it is crucial to examine the effects of both changes in industrial composition and import composition on greenhouse gas emissions (Hertwich and Peters 2009; Peters et al. 2011; Davis et al. 2011) . Xu and Dietzenbacher (2014) examined driving forces of the growth of CO 2 emissions from 1995 to 2007 by applying the WIOD to a multiplicative decomposition technique (Dietzenbacher et al. 2000) and revealed that the growth in net export emissions (i.e., emissions embodied in exports minus emissions embodied in imports) in developed countries was mainly due to changes in the trade structure of final and intermediate products. The abovementioned articles focused on consumption-based emissions and so did not include empirical decomposition results that took into account production-based emissions, which should also be discussed by climate policy makers. This paper proposes an additive decomposition method of production-based emissions and empirically examines the extent to which changes in the global industrial structure as well as changes in import structure and export structure have contributed to changes in production-based CO 2 emissions (i.e., territorial CO 2 emissions). Specifically, the territorial CO 2 emissions of each of the 40 aforementioned nations from 1995 to 2009 were estimated using the Environmentally Extended World Input-Output Tables at 2009 prices (Dietzenbacher et al. 2013; Timmer et al. 2015) . The Shapley-SunDietzenbacher-Los additive decomposition method (Park 1992; Los 1997, 1998; Sun 1998; Ang et al. 2003; Ang 2004; Nansai et al. 2007 Nansai et al. , 2009 Kagawa et al. 2012 ) was then applied to examine the sources of changes in the territorial CO 2 emissions. Based on these results, we examine how these structural changes have contributed to changes in CO 2 emissions. It should be noted that empirical results from the additive decomposition used in this study are not directly comparable to those from previous studies using multiplicative decomposition techniques (e.g., Voigt et al. 2013; Xu and Dietzenbacher 2014) .
The remainder of this paper is organized as follows: Sect. 2 describes the study methodology, Sect. 3 presents the data, Sect. 4 gives results and discussion, and Sect. 5 concludes the paper.
Methods
In this study, we clarify how a widely used multiregional input-output database is useful for estimating the effects of changes in industrial composition and trade patterns on production-based emissions. We employ additive decomposition techniques to examine the effects of technology, industrial composition, and economic scale on production-based emissions (Park 1992; Sun 1998; Ang et al. 2003; Ang 2004) . Furthermore, we develop a decomposition method for examining the effects of changes in the composition of both regional and sectoral imports on CO 2 emissions.
The WIOD database from 1995 to 2009 (Dietzenbacher et al. 2013; Timmer et al. 2015 ) covers 35 industrial sectors and 40 countries (Tables 4, 5 in the Appendix). Using the time series multiregional input-output tables, total territorial emissions Q t d (s) induced by manufacturing activities in country s in year t can be expressed as follows:
where e t (s) = e t i (s) , θ t (s) = θ t i (s) , and X t d (s) are the emission intensity row vector describing CO 2 emissions per unit output in industrial sector i in country s in year t, the industrial composition column vector describing the fraction of output from industry sector i of total production across all industries in country s in year t, and total industrial output summed over all industrial sectors in country s in year t, respectively. The subscript d denotes "domestic. " N is the number of industrial sectors.
The annual change in Q t d (s) from year t to year t + 1 is then
(1)
e which can be re-arranged as
The first term on the right-hand side of Eq. (3) represents the effects of changes in CO 2 emission intensities on the estimated CO 2 emissions, and the second and third terms represent the influence of changes in industrial composition and in gross output on CO 2 emissions, respectively; the remaining four terms are interaction terms. Using the Shapley-Sun-Dietzenbacher-Los decomposition to classify the seven terms (including the interaction terms among the technology effect, the industrial composition effect, and the economic scale effect), the following is obtained:
For notational convenience, the symbol s denoting country is omitted. Equation (4) does not allow an examination of the sources of changes in extraterritorial emissions due to direct imports of intermediate products that are necessary for domestic production and direct imports of final products. Therefore, in this study, the emissions associated with the direct imports of intermediate products and final products are formulated as follows:
, and M t f (s) are the total territorial emissions caused by imports, the import composition column vectors of the ratios of imports by industrial sector i into country s to the total imports for intermediate products and final products to country s, the total amount of imports of intermediate
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products, and the total amount of imports of final products for country s, respectively. e t (r) = e t i (r) is the emission intensity row vector for country r, and R is the number of countries.
The extraterritorial emissions due to importation can be decomposed in the same way, i.e., into the effects of technology, domestic import structure, and domestic import scale in the importing country:
The emissions associated with the direct export of intermediate products and final products are formulated as follows:
, and EX t f (s) are the total territorial emissions caused by exports, the export composition column vectors of the ratios of exports by industrial sector i from country s to the total exports of intermediate products and final products to country r, the total amount of exports of intermediate products, and the total amount of imports of final products for country r, respectively. e t (s) = e t i (s) is the emission intensity row vector for country s. Territorial CO 2 emissions due to exportation can be decomposed into the effects of technology, domestic export structure, and domestic export scale in the exporting country:
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Data
In this study, the WIOD (Dietzenbacher et al. 2013; Timmer et al. 2015) and the Environmental Accounts, which are downloadable from the data website: http://www.wiod.org/ new_site/data.htm, are employed. These data cover 35 industrial sectors and 40 countries and region (Tables 4, 5 The industrial composition column vector and total industrial output of 40 countries and region are calculable from the domestic outputs described in the deflated World Input-Output Tables, and the industrial CO 2 emissions for 40 countries are obtainable from the Environmental Accounts (Dietzenbacher et al. 2013; Timmer et al. 2015) . The emission intensity row vector can be easily obtained by dividing industrial CO 2 emissions by industrial outputs. The data on intermediate inputs and final demand of goods and services are directly obtainable from the deflated World Input-Output Tables.
Results and discussion
In this section, the results of year-on-year changes in territorial CO 2 emissions in 40 countries over the 15-year period from 1995 to 2009 are described using the decomposition method formulated in the previous section. Per-capita incomes published by the World Bank for the 40 countries (World Bank 2013) were used to classify the countries into three groups: high-income nations with per-inhabitant annual incomes of ≥$12,616, middle-income nations with per-inhabitant annual incomes of ≥$4086 and <$12,616, and low-income nations with per-inhabitant annual incomes of <$4086. For this study, 31 of the 40 countries were classified as high-income, seven were classified as middle-income, and two were classified as low-income (Tables 5 in the Appendix) .
Economic scale effect, industrial composition effect, and domestic technology effect
This study focused on four periods (1995-2000, 2000-2005, 2005-2008, and 2008-2009 ) and estimated the effects of changes in economic scale, industrial composition, and domestic technology during those periods using Eq. (4). Table 1 shows the decomposition results on "country average" in the three groups. It should be noted that the international financial crisis occurred between 2008 and 2009. The economic scale effect reflects the influence of changes in the overall domestic industrial output on CO 2 emissions. The cumulative economic scale effect in the highincome nations contributed to an increase in emissions of 146 Mt CO 2 in the three industries from 1995 to 2008 (Table 1) . On the other hand, territorial CO 2 emissions decreased by 21 Mt CO 2 in the three industries in response to the economic recession that followed the international financial crisis between 2008 and 2009 (see the economic scale effect in the high-income nation group during the 2008-2009 period in Table 1 ). Interestingly, during the 2008-2009 period, when the effect of the financial crisis reduced the average output of the high-income nations by 5.9 %, CO 2 emissions in the high-income nations also decreased by 5.4 %. In other words, the economic damage resulting from the financial crisis was partially offset by social benefits from a reduction in CO 2 emissions. Prior to 2005, the cumulative effect of output growth in the highincome nations amounted to approximately 50-60 Mt CO 2 every 5 years.
Conversely, the cumulative economic scale effect in the middle-income nations, such as China and Turkey, was 872 Mt CO 2 , which is six times that of the high-income nations from 1995 to 2008 (see the economic scale effect in the middle-income nations of Table 1 (Table 1) . Indeed, the rapid economic growth of the middleincome nations is the source of much of the world's CO 2 emissions increases. Examining the sectoral breakdown of industries as they relate to the mean cumulative economic scale effect in the middle-income nations, we find that primary industries contributed 28 Mt CO 2 , secondary industries contributed 769 Mt CO 2 , and tertiary industries contributed 74 Mt CO 2 of CO 2 emissions from 1995 to 2008 (see Table 1 ; Table 4 in the Appendix for industry groups). The growth of secondary industries in the middle-income nations therefore brought about an abrupt increase in CO 2 emissions. Importantly, compared to the high-income nations, the economic scale effect in the middle-income nations during the financial crisis was positive, and consequently, even in the financial crisis, CO 2 emissions in the middle-income nations (especially in China) have increased faster than the decrease in CO 2 emissions in the high-income nations.
The industrial composition effects illustrate how changes in domestic industrial composition influence CO 2 emissions. The cumulative industrial composition effect per country in the high-income nations was −47 Mt CO 2 , a reduction in CO 2 emissions in the three industries from 1995 to 2008 (Table 1) . Breaking down the composition of the industries and their CO 2 emissions, we find that primary industries contributed −2 Mt CO 2 , secondary industries contributed −47 Mt CO 2 , and tertiary industries contributed 1 Mt CO 2 during the study period (Table 1 ). In addition, the industrial composition effect of secondary industries took on a large negative value because the emission intensities of secondary products are relatively high. On the other hand, the industrial composition effect of tertiary industries was close to neutral on CO 2 emissions. Thus, it is clear that the changes in the industrial composition of the high-income nations, namely the shift away from manufacturing to services, have contributed to reducing the territorial CO 2 emissions of that group.
The cumulative industrial composition effect of the middle-income nations was 111 Mt CO 2 per country during the 1995-2008 period, indicating that the changes in the middle-income nations increased domestic CO 2 emissions (see the third column of Table 1 ). Similarly, from the calculated breakdown by industry, primary industries contributed −17 Mt CO 2 , secondary industries contributed +130 Mt CO 2 , and tertiary industries contributed −2 Mt CO 2 (Table 1) . In contrast to the high-income nations, the middle-income nations heavily industrialized, and the resulting increase in emissions (+111 Mt CO 2 ) due to industrialization in the middle-income nations exceeded the reduction in emissions (−47 Mt CO 2 ) due to deindustrialization of the high-income nations. Ultimately, changes in industrial activities in both income groups contributed to global warming.
Production technologies have played a crucial role in global warming (IPCC 2014). Therefore, we also examined the extent to which changes in emission intensities due to changes in domestic technologies influenced CO 2 emissions. The cumulative domestic technology effect in the high-income nations in the three industries from 1995 to 2008 was −73 Mt CO 2 per country (Table 1) ; this decrease is considered to reflect efforts by the high-income nations to adopt environmentally benign production activities. The secondary and tertiary industries showed particularly high cumulative technology effects, at −38Mt CO 2 and −32 Mt CO 2 , respectively, per country from 1995 to 2008 (Table 1) . During the same period, domestic technology effects in the middle-income nations (e.g., China and Turkey) accounted for −490 Mt CO 2 per country, which was approximately seven times the cumulative domestic technology effect of the high-income nations. Compared to the high-income nations, which are relatively more technologically advanced, the middle-income nations have more room for technological development; as they make further advances in the future, they will have considerable potential to reduce emissions.
Export scale effect and export composition effect
Territorial CO 2 emissions are influenced by the manufacturing of export products, so this is an important factor for understanding the emissions of a country. Additional file 1: Table S1 shows the results of decomposition, using a structural decomposition analysis of the CO 2 emissions associated with exports, as obtained from Eq. Table 1 , a comparison of the economic scale effect of the middle-income group of countries between the five-year period from 1995 to 2000 and the three-year period from 2005 to 2008 shows that the economic scale effect grew by a factor of 1.8. In light of this finding, it is clear that in the middle-income group of countries, export products are a major driver of territorial CO 2 emissions associated with manufacturing. Furthermore, the export composition effect is negligibly small (Table S1) in both the high-income and middle-income group of countries. Focusing on the manufacturing activities within countries, we can assume that as exports continue to decrease in the high-income group, the CO 2 emissions associated with exports will keep falling. Thus, emission controls focused on domestic demand will be important in cutting CO 2 emissions. At the same time, in developing economies such as those of the middle-income group of countries, it is necessary to implement emission control measures that are focused on the volumes of manufactured exports.
Import scale effect, import composition effect, and foreign technology effect
Concomitant with the shift of domestic economies away from manufacturing to services has come an increasing dependence on the importation of manufactured goods, which has increased the emissions associated with imports (in this study, this increase in imports was observed to have the effect of increasing the territorial CO 2 emitted in the import-partner country during production of goods for export). The emissions induced by imports consist of the territorial emissions associated with the production of the intermediate and final imported products. According to the data in the WIOD (Dietzenbacher et al. 2013) , the import interdependence among the high-income nations in the 1995-2009 period decreased to approximately 10 %, while the fraction of imports in the high-income nations from the middle-and low-income nations almost doubled. Thus, the import dependence on developing countries is increasing rapidly, and these changes in the import structures of developed nations have accelerated CO 2 emissions in developing nations. Table 2 shows how the extraterritorial emissions attributed to imports can be decomposed into the import scale effect, import composition effect, and the foreign technology effect estimated by Eq. (6). The import scale effects for intermediate and final products shown in Table 2 are the effects of changes in total domestic imports on emissions in the import-partner country. Imports by the high-income nations decreased markedly due to the international financial crisis, resulting in the import scale effect being negative from 2008 to 2009 (see Table 2 ). In the high-income group, the cumulative import scale effects associated with the production of intermediate and final products were 27 Mt CO 2 and 6 Mt CO 2 per country, respectively, during the 1995-2008 period.
In the middle-income nations, the cumulative import scale effects associated with the production of imports of intermediate and final products were 53 Mt CO 2 and 10 Mt CO 2 , respectively, during the 1995-2008 period. The import scale effect in the middleincome nations was greater than that in the high-income nations; in particular, the effect due to imports of intermediate products was twice that in the high-income nations (see Table 2 ). The main reason for this was that during the shift away from manufacturing by the high-income nations, although the demand for imports of intermediate products from secondary industries decreased, the demand for the same secondary industry products increased in the middle-income nations due to increased industrialization capacity and foreign trade.
The import composition of the nations examined here (in other words, their patterns of international trade) and their domestic industrial composition are intertwined with how domestic products were replaced by imported products. For this reason, changes in the output composition of domestic industries have increased the import composition of emissions-intensive products, and it is possible to evaluate how the structural changes with regard to these domestic and imported products affect CO 2 emissions. The third and sixth columns of Figure 1 is a world map showing the net industrial composition effect (that is, the industrial composition effect plus the import composition effect) of 40 countries from 1995 to 2008. The figure shows to what degree a nation's industrial structure (also taking import structure into account) contributes to increasing or decreasing emissions. As shown, China and the USA have very large net industrial composition effects. While changes in its industrial structure enabled the USA to achieve an 895 Mt CO 2 reduction in emissions, changes in the industrial structure of China resulted in a 720 Mt CO 2 increase in emissions. As in Tian et al. (2014) , for the study period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , we found that the industrial composition change in the four heavy manufacturing sectors of Basic Metals and Fabricated Metal, Machinery, Electrical and Optical Equipment, and Transport Equipment in China led to a rapid increase in CO 2 emissions amounting to 17 % of the effect of the China's structural changes (119 Mt CO 2 ). Compared to these two major countries, changes in the industrial structure of European nations have had almost no impact on CO 2 emissions. These data show that these two major countries will have major roles regarding CO 2 emissions forward into the future.
Discussion
Since the import composition effect of intermediate products and final products in Table 2 can be estimated from the third and fourth terms, respectively, on the right-hand side of Eq. (6), larger intermediate and final product imports of a country imply a greater import composition effect. To grasp the impact that pure import pattern changes have on CO 2 emissions, the 'normalized' import composition effect was estimated by dividing the import composition effect of intermediate products and that of final products by their respective import values. Similarly, the larger a country's domestic output value is, the greater its industrial composition effect will be; thus, a "normalized" industrial composition effect was estimated by dividing the industrial composition effect by the domestic output. By comparing the estimated normalized import composition effect and the normalized industrial composition effect for each country, it is possible to analyze the role that each country's pure structural changes play in global warming. Table 3 shows the normalized import composition effect and normalized industrial composition effect for intermediate and final products in the 40 countries examined in this study. Based on the estimation results, the patterns of structural change in the 40 nations can be classified into eight types. The largest type group is Type II, which comprises nations for which the normalized industrial composition effect and normalized import composition effect for intermediate products are both negative, but normalized import composition effect for final products is positive. Type II countries, which include Japan, the UK, and Mexico, have reduced their emissions through structural changes (e.g., transitioning to a service economy), but have increased their emissions indirectly by increasing their import composition of emissions-intensive products for final products. The net composition effects (i.e., the sum of the normalized import composition effect for intermediate products, the normalized import composition effect for final products, and the normalized industrial composition effect) for most of countries of Type II are negative, which implies that their structural changes are environmentally good in the sense that they reduced emissions. However, the normalized import composition effects of final products for Japan, Luxembourg, and Mexico are relatively large compared to other countries classified as Type II, which resulted in positive net composition effects. This was especially high for Japan, which had the largest normalized import composition effect of final products among the high-income nations, and its structural changes, including its import structure changes, have contributed to increasing its CO 2 emissions.
Interestingly, the net composition effect is very high (2.805; the total shown in Table 3 ) in Bulgaria (Type V), which was industrializing more rapidly than other countries between 1995 and 2008. Despite significant structural changes in Bulgaria, the composition effects of both intermediate product imports and final product imports were negative and these import activities contributed greatly to mitigate its responsibility for global warming. At 2.219, Indonesia (Type VIII) had the second highest net composition effect, but that is still markedly different from Bulgaria. Domestic structural changes in Indonesia have also caused emissions to increase, as in Bulgaria, but in Indonesia changes in import patterns have also contributed to global warming. Indonesia should therefore try to mitigate its contribution to global warming by encouraging the importation of substitutes for products that cause significant emissions. As for Bulgaria, it underwent its emissions-intensive industrial structural change relatively early compared to other countries and therefore should adopt policies aimed at reducing emissions from emissions-intensive industries. Thus, the impacts that structural changes have on CO 2 emissions vary and are independent of a nation's level of development.
Recently implemented climate policies are conducted under a framework based on each country's level of economic development (e.g., per-capita income) and regional groupings, but the relationship between changes in industrial structure and global warming has been ignored. From Table 3 , it can be found that domestic industrial structure changes and import structure changes have different roles according to group type.
For example, in countries belonging to Type II, changes in import structure of final products contribute to global warming, and therefore mitigation countermeasures should be focused on shifting emissions-intensive technologies of final products produced overseas and/or trade patterns of final products. In countries belonging to Type IV or VIII, changes in import structure contribute to global warming; consequently, mitigation countermeasures adopted by these countries need to focus on trade patterns. On the other hand, in countries of Types V to VIII, industrial structure change contributes to global warming and therefore these countries need to take warming countermeasures that focus on reducing emissions from emissions-intensive industries. Thus, this study has shown the need for global warming countermeasures that consider the differences in the role of the structural changes in the eight country groups identified in this study. Based on the results obtained from the comprehensive decomposition analysis of territorial and extraterritorial CO 2 emissions, the patterns of structural change in the 40 nations can be classified into eight types (Table 3) . We found that structure changes and trade pattern changes have different roles according to the group type. Considering that economic growth increases global warming (IPCC 2014) , the role that structural changes play in global warming is important for decision makers. There is thus an urgent need to draft comprehensive CO 2 emissions reduction guidelines that consider the structural changes of each country. Specifically, international guidelines are needed that include, among other things, emissions reduction policies that set reduction targets from three sources (CO 2 emissions associated with intermediate product import composition, CO 2 emissions associated with final product import composition, and CO 2 emissions associated with domestic output composition) and that consider groups of countries in terms of those three sources, as in Table 3 .
Conclusions
We also found that the export scale in the middle-income group of countries contributed as a major driver of territorial CO 2 emissions associated with manufacturing during 1995-2008, whereas the export composition effect was negligibly small in both the highincome and middle-income group of countries during the same period and it has not played an important role in climate change. Electricity, gas, and water supply 
